Abstract Identifying regions of artificial selection within dog breeds may provide insights into genetic variation that underlies breed-specific traits or diseases-particularly if these traits or disease predispositions are fixed within a breed. In this study, we searched for runs of homozygosity (ROH) and calculated the d i statistic (which is based upon F ST ) to identify regions of artificial selection in Standard Poodles using high-coverage, whole-genome sequencing data of 15 Standard Poodles and 49 dogs across seven other breeds. We identified consensus ROH regions C1 Mb in length and common to at least ten Standard Poodles covering 0.6 % of the genome, and d i regions that most distinguish Standard Poodles from other breeds covering 3.7 % of the genome. Within these regions, we identified enriched gene pathways related to olfaction, digestion, and taste, as well as pathways related to adrenal hormone biosynthesis, T cell function, and protein ubiquitination that could contribute to the pathogenesis of some Poodleprevalent autoimmune diseases. We also validated variants related to hair coat and skull morphology that have previously been identified as being under selective pressure in Poodles, and flagged additional polymorphisms in genes such as ITGA2B, CBX4, and TNXB that may represent strong candidates for other common Poodle disorders.
Introduction
Recent population bottlenecks and selective breeding have largely been responsible for the development of modern dog breeds (Boyko 2011; Marsden et al. 2015) . Within a dog breed, genetic diversity is severely reduced relative to ancestral canine populations and modern mixed-breed dogs (Karlsson and Lindblad-Toh 2008) . Selective breeding has led to the development of breed-specific traits and characteristics such as size and coat color, many of which have been well described in the literature (Sutter et al. 2007; Cadieu et al. 2009; Boyko et al. 2010) . In addition to these morphologic traits, many dog breeds have a relatively high prevalence of certain diseases, ranging from dilated cardiomyopathy in the Doberman Pinscher to atopic dermatitis in West Highland White Terriers (Sousa and Marsella 2001; Wess et al. 2010) . Over the past 10 years, significant progress has been made in identifying diseasecausing genetic polymorphisms that distinguish affected from unaffected dogs within a breed, primarily through genome-wide association studies (GWAS), followed by fine-mapping and/or additional sequencing (Parker et al. 2009; Goldstein et al. 2010; Meurs et al. 2010; Seppälä et al. 2011; Kyöstilä et al. 2012) .
For some canine diseases, however, causative genetic polymorphisms may be fixed within a breed, making case/control GWAS impossible. Myxomatous mitral valve degeneration in Cavalier King Charles Spaniels could represent such a disease, as most dogs within the breed develop the characteristic nodular endocardial valvular lesions (Häggström et al. 1992; Egenvall et al. 2006) . Additionally, for diseases that require an environmental trigger prior to the development of clinical signs (such as autoimmune disorders), some predisposing genetic variants may be at high frequency within a breed, which could make implementing an adequately powered GWAS challenging. For these reasons, identifying signatures of artificial selection could be helpful in identifying diseasecausing or disease-predisposing genes for disorders that tend to cluster within a particular breed.
Several studies have been performed in dogs aimed at identifying such signatures of artificial selection. Akey et al. (2010) used data from an array of 21,000? singlenucleotide polymorphisms (SNPs) to identify regions of artificial selection in ten phenotypically diverse dog breeds using the F ST -based metric d i . Vaysse et al. (2011) applied this metric to data generated from the Illumina 174,000? SNP array in 46 dog breeds. Studies in dogs, cows, and horses have also used of runs of homozygosity (ROH) as a method of detecting signatures of artificial selection within specific breeds (Freedman et al. 2014; Kim et al. 2015; Metzger et al. 2015) .
Here, we used these methods (ROH, d i ) to identify regions of artificial selection with a much denser set of SNPs derived from whole-genome sequencing (WGS) of 64 dogs across eight distinct breeds. We chose these two metrics in order to identify those regions of the genome that are mostly fixed within a single breed (ROH) as well as those regions of the genome that most substantially contribute to cross-breed divergence (d i ). We focused specifically on the Standard Poodle as this breed has a relatively high prevalence of several autoimmune diseases (Tevell et al. 2008; Pedersen et al. 2015; Hanson et al. 2015) and also represents one of the most common breeds in our dataset of whole-genome sequences. Additionally, because our data were derived from whole-genome sequencing rather than SNP arrays, we used our findings to pinpoint specific polymorphisms within regions of artificial selection that may be responsible for some Poodle-specific traits.
Our findings suggest that searching for signatures of artificial selection within a breed using WGS data is both feasible and accurate, and could help identify additional genetic variation that contributes to normal canine morphologic characteristics. Additionally, these methods may complement existing GWAS approaches by identifying some variants that contribute to the development of diseases that are at high frequency within a particular breed.
Methods Samples
We selected 20 Boxers, 15 Standard Poodles, 6 Great Danes, 6 Scottish Terriers, 5 Scottish Deerhounds, 4 Collies, 4 Doberman Pinschers, and 4 West Highland White Terriers for inclusion in this study. Samples were collected as part of ongoing disease-related research in our laboratory. Based upon available pedigree data, there were no known familial relationships among any of the included dogs going back at least three generations. DNA was extracted from EDTA blood samples obtained from each dog using the standard protocol of the DNeasy Blood and Tissue Kit (Qiagen).
Next-generation sequencing
Approximately 3 lg of DNA was submitted for library preparation and whole-genome sequencing at the University of North Carolina Chapel Hill High Throughput Sequencing Facility (46), the Medical University of South Carolina Proteogenomics Facility (8), the University of Missouri DNA Core (6), or the Genomics Sciences Laboratory at North Carolina State University (4) (numbers in parenthesis represent the numbers of samples sequenced at each institution). All sequencing experiments were designed as 100-or 125-bp paired-end reads, and each sample was run on either 1 or 2 lanes of an Illumina HiSeq 2000 or 2500 high-throughput sequencing system. Analysis of next-generation sequencing data was performed using standardized bioinformatics pipeline for all samples, as described previously (Friedenberg and Meurs 2016) . Briefly, sequence reads were trimmed using Trimmomatic 0.32 (Bolger et al. 2014 ) to a minimum phred-scaled base quality score of 30 at the start and end of each read with a minimum read length of 70 bp, and aligned to the canFam3 reference sequence (Lindblad-Toh et al. 2005 ) using BWA 0.7.10 (Li and Durbin 2009). Aligned reads were prepared for analysis using Picard Tools 1.115 (http://www.broadinstitute. github.io/picard) and GATK 3.4 (McKenna et al. 2010) following best practices for base quality score recalibration and indel realignment specified by the Broad Institute, Cambridge, MA (DePristo et al. 2011; Van der Auwera et al. 2013) . Variant calls were made using GATK's HaplotyeCaller walker, and variant quality score recalibration (VQSR) was performed using sites from dbSNP 139 and the Illumina CanineHD BeadChip as training resources.
Variant filtering
In order to select variants for downstream analysis, we first applied a VQSR tranche sensitivity cutoff of 99.9 % to SNPs and 99 % to indels. Using both GATK and VCFtools (Danecek et al. 2011) , we then set any genotype call with a phred-scaled quality score \20 to missing, and further filtered variant sites to include only biallelic SNPs with a minimum call rate across all samples of 95 %, minimum minor allele frequency (MAF) of 0.02, and Hardy-Weinberg equilibrium (HWE) p value C1 9 10 -7 . The resulting set of SNPs was used to determine ROH and d i . A similarly filtered set of variants including both SNPs and indels was used to evaluate the variant effects within the ROH and d i regions.
Runs of homozygosity
The filtered SNPs were subset to include only Standard Poodles, and autosomal runs of homozygosity C1 Mb in length and common to at least 10/15 dogs (to account for genotyping errors) were identified using PLINK 1.9 (Chang et al. 2015) . Parameters were similar to those described elsewhere (Marsden et al. 2015) , but with modifications to identify consensus regions in at least ten of the dogs. Input flags were as follows: --chr 1-38 --homozyg-snp 200 --homozyg-kb 1000 --homozyg-windowmissing 100 --homozyg-window-het 1 --allow-no-sex --dog --homozyg-match 0.95 --homozyg group --pool-size 10. The consensus regions were converted to a BED file using custom scripting in R 3.2.3 (R Core Team 2016), and the combined SNP/indel file was subset using GATK to include only those variants within the consensus regions. In R, we converted GATK-calculated alternate allele frequencies into minor allele frequencies (relative to Standard Poodles) for downstream analyses. The effects of the resulting variants were evaluated using Variant Effect Predictor (VEP) 83 (McLaren et al. 2010 ) with both gene ontology and GERP?? plugins (Davydov et al. 2010) ; variant filtering was performed in R.
Calculation of d i
Using the SNP dataset described above, we calculated the pairwise Weir and Cockerham F ST (Weir and Cockerham 1984) for each SNP between Standard Poodles and each of the other seven breeds in our dataset using VCFtools. We then imported this data into R, and using custom scripting, calculated the d i statistic (Akey et al. 2010 ) for all autosomal SNPs using the formula
is the expected value and sd F ij ST h i is the standard deviation of the F ST between Standard Poodles (i) and each other breed (j). To visualize trends across the genome, we used locally weighted scatterplot smoothing (LOESS) of the resulting d i values for each chromosome with a very low a (0.02) in order to maximize peak resolution. Following methods published elsewhere (Akey et al. 2010; Vaysse et al. 2011) , we identified peaks crossing the top 1 % threshold of LOESS-smoothed values, and using the zoo package in R (Zeileis and Grothendieck 2005) identified local minima surrounding these peaks. Each peak-from local minimum to local maximum (crossing the 1 % threshold) to local minimum-was identified as a genomic region under selection for downstream analyses. These regions were converted to a BED file, and Standard Poodle SNPs, and indels within these regions were selected and evaluated using GATK and R. Variant effects were determined using VEP 83, as described above.
Pathway analysis
We evaluated genes in both the ROH and d i regions using Enrichr (Chen et al. 2013) . Gene symbols were mapped to the human Entrez Gene database using biomaRt (Smedley et al. 2015) in order to permit recognition by pathway analysis software, and genes were grouped into ontologies/pathways using databases from gene ontology (GO) 2015 and KEGG 2016 (Kanehisa and Goto 2000; Ashburner et al. 2000; Kanehisa et al. 2013 ). Pathways were scored for enrichment using Fisher's exact test. We analyzed the resulting data to (1) identify gene clusters within the ROH and d i regions and (2) identify overrepresented genes on a genome-wide level. For the first analysis, we filtered for pathways with a p value B0.05 containing at least five genes per pathway; for the second analysis, we filtered for pathways with Benjamini-Hochberg corrected p value B0.05 using the set of known human proteincoding genes as a reference.
Results

Variant call set
Average depth for whole-genome sequences ranged from 19 to 379; 96.5-98.1 % of bases were covered to a minimum depth of 159. After variant calling and filtering, 7,450,704 biallelic SNPs and 987,062 biallelic indels that remained across all eight breeds were evaluated.
ROH analysis
We identified a total of 2164 individual ROH [1 Mb in all 15 Standard Poodles (Table 1) ; these ROH are located on all 38 autosomes. We identified only 17 consensus ROH regions with overlapping segments in at least 10/15 Standard Poodles (Supplemental Table 1 ); these consensus regions are located on five chromosomes and span 13.6 Mb (approximately 0.6 % of the canine genome).
Within the ROH consensus regions, we found 42,665 variants in 117 genes (Supplemental Table 2 ). Using the impact classification scheme defined by VEP (http://useast. ensembl.org/info/genome/variation/predicted_data.html# consequences), the vast majority of these variants (42,518 or 99.7 %) are predicted to have a modifier effect on protein function, and well over half of these variants (23,861 or 55.9 %) are predicted to be located in intergenic regions. A total of 1072 variants have a GERP?? conservation score of four or greater (highly evolutionarily constrained), and an additional 1636 variants have a GERP?? conservation score between 2 and 4 (moderately evolutionarily constrained) Marsden et al. 2015) .
Of the 42,665 variants in the ROH consensus regions, 19,833 (46 %) had a MAF B0.05, indicating a high level of fixation in our population of Standard Poodles. These variants are located in 115/117 of the previously described genes (all except ENSCAFG00000003812 and ENSCAFG00000029696). A similar percentage of these variants (99.6 %) are predicted by VEP to have modifier effects on gene function and are located in intergenic regions (54 %). Only 624 of these relatively fixed variants were predicted to have a strong effect on gene function, including 569 with a conservation score C4, 12 with a ''high'' VEP consequence, and 46 with a ''moderate'' VEP consequence. These variants are located in 60 genes, which are flagged as ''Contains fixed strong effect variants'' in Supplemental Table 2 .
Using the d i statistic, we identified a total of 52 regions that most strongly contribute to differentiation between Standard Poodles and the other breeds in our study (Supplemental Table 3 ); these regions are located on 24 chromosomes and span 90.1 Mb (approximately 3.7 % of the canine genome). A plot of d i values across the genome in Standard Poodles, with overlaid ROH consensus regions, is shown in Fig. 1 (with a more expanded version Supplemental Figure 1) .
We validated our calculation of the d i statistic by testing whether genes known to be associated with coat features in Standard Poodles (and hence highly likely to be under positive selection) are present in the d i regions of the genome we identified. We found three genes associated with coat style, such as fur length, texture, and curl [RSPO2, KRT71, and FGF5 (Cadieu et al. 2009 )] and two genes associated with coat color [TYRP1, CBD103 (Schmutz et al. 2002; Candille et al. 2007 )] overlapping genomic regions in the 99th percentile of our calculated d i values (Fig. 2) . Additionally, we identified two genes (BMP3 and IGFBP4) known to contribute to canine skull morphology (Jones et al. 2008; Schoenebeck et al. 2012) within the peak d i regions.
Within the d i regions, we found 344,389 variants in a total of 951 genes (Supplemental Table 4 ). Similar to the ROH consensus regions, the vast majority of these variants (342,608) are predicted to have a modifier effect on gene function, and just over 60 % (210,121) are predicted to be located in intergenic regions. A total of 8502 variants have a GERP?? conservation score C4, and 13,684 variants have a score between 2 and 4.
Of the 344,389 variants in the d i regions, 108,980 (32 %) had a MAF B0.05, which as might be expected, is lower than those in the ROH consensus regions. These variants are located in 907/951 of the previously described genes. A similar percentage of these variants (99.4 %) are predicted by VEP to have modifier effects on gene function and are located in intergenic regions (62.9 %). Only 3146 of these fixed variants were predicted to have a strong effect on gene function, including 2667 with a conservation score C4, 111 with a ''high'' VEP consequence, and 422 with a ''moderate'' VEP consequence. These variants are located in 521 genes, which are similarly flagged as ''Contains fixed strong effect variants'' in Supplemental Table 4 .
Pathway analysis
Of the 117 genes in the ROH consensus regions, 108 map to the human Entrez Gene database and were recognized by Enrichr (all unmapped genes are pseudogenes not in the Entrez gene database). Ten pathways (five GO biological process, four GO molecular function, one KEGG) have clusters with C5 genes (Fig. 3a) . Five of these pathways are related to olfaction, three are related to digestion, and two are related to cell cycle regulation.
We also noted that eight genes in the ROH consensus regions are located in the T-cell receptor (TCR) b chain locus of the canine genome (chromosome 16, *6.8-7.0 Mb). These genes include TRBV30, TRBV3-1, TRBV15, TRBV16, ENSCAFG00000003811, ENSCAFG 00000003812, ENSCAFG00000014478, and ENSCAF G00000024810. However, these genes are very broadly defined in by GO as ''protein binding'' (and are not annotated by KEGG), and therefore did not meet our initial criteria for enrichment.
Of the 951 genes in the d i regions, 830 map to the human Entrez Gene database and were recognized by Enrichr (57 genes have no human ortholog, and 64 genes are not in the Entrez Gene database as they are mostly RNA genes or pseudogenes). Nineteen pathways (12 GO biological process, two GO cellular component, five GO molecular function) have clusters with C5 genes (Fig. 3b) . Overrepresented pathways include those related to taste, digestion, keratin proteins, ubiquitination, gene expression (DNA methylation, DNA binding), and hormone biosynthesis.
Within the d i regions, we noted two apparent groupings of genes that were not identified using Enrichr: the eight genes in the TCR b chain locus described previously, as well as 33 zinc finger proteins located throughout the genome. Like the TCR genes, some of these zinc finger genes are not consistently annotated, and hence did not meet our criteria for enrichment.
We also evaluated whether any pathways are significantly enriched for genes on a genome-wide level in either the ROH consensus regions or d i regions. Only two pathways met this criterion (Table 2) : one for taste and smell perception containing 14 genes in the ROH consensus regions (B-H p = 0.036), and one for protein ubiquitination containing 21 genes across the d i regions (B-H p = 0.021).
Variant analysis
We subset the fixed, strong-effect variants within the ROH and d i regions to identify specific polymorphisms more common in Standard Poodles than other breeds and whose consequences might be readily interpretable. We first filtered for variants with a MAF C0.2 in the other seven breeds combined (345 remaining within the ROH consensus regions; 1076 remaining within the d i regions). We then filtered to include only those variants with a ''high'' or ''moderate'' VEP impact (10 in ROH regions, 77 in d i regions), followed by an additional filter to include only those variants with a GERP?? conservation score C2, or a SIFT (Kumar et al. 2009 ) prediction of deleterious, deleterious low confidence, or tolerated low confidence. After filtering, one variant remained in the ROH consensus regions and 33 variants remained in the d i regions (Supplemental Table 5 ); the one variant in the ROH consensus regions was also present in the d i regions.
This list of variants includes polymorphisms in FGF5 and KRT71 that have been previously reported (Cadieu et al. 2009 ), as well as polymorphisms in CBX4 and TNXB which contribute to skin morphology and development (Mao et al. 2002; Mardaryev et al. 2016 ). Many of the other variants have no specifically identifiable role at present, but are broadly responsible for gene [SETX (SkourtiStathaki et al. 2011) , ZNF658 (Ogo et al. 2015) , RPL34 (Kenmochi et al. 1998 
Discussion
In this study, we used SNP data derived from WGS to identify regions of selection in Standard Poodles using both runs of homozygosity and the d i statistic. By grouping genes within these regions and examining sequence-level data, we identified specific pathways and polymorphisms under selection in this breed. While our study focused specifically on Standard Poodles, the methods we have documented here should be easily applicable to any dog breed or within other species.
Runs of homozygosity identify regions of reduced genomic diversity and have been shown to develop as a result of strong selective pressures (Ku et al. 2011; Purfield et al. 2012) . Within the ROH consensus regions in Standard Poodles, we identified gene pathways that are mostly related to taste, olfaction, and digestion (Fig. 3a) . Dogs are well known to have an exquisite sense of smell, and over 1000 genes have been identified related to canine olfaction (Quignon et al. 2005) ; hence, it is unsurprising that many polymorphisms in these genes have become fixed within the genome and are overrepresented in our analysis. Additionally, Axelsson et al. (2013) documented that dog domestication has involved adaptation to a starch-rich diet, and along with these adaptations, it is also unsurprising that other genes related to taste and digestion may be under selective pressure as well.
The d i statistic, which is based upon F ST , provides an alternate method of identifying genomic regions under selection (Akey et al. 2010) . Because F ST is primarily a measure of population differentiation, d i is likely to highlight those regions of the genome that help distinguish Standard Poodles from other breeds rather than regions that are fixed across all (or most) dogs. Within these d i regions, we flagged seven genes that have been shown by others to be associated with morphologic characteristics common in Standard Poodles. Additionally, we did not find evidence of selection for certain genes associated with characteristics that are absent from Standard Poodles, such as inverted hair growth (Karlsson et al. 2007 ) or a corkscrew tails (Jones et al. 2008) .
Within the d i regions, we identified several overrepresented gene pathways in Standard Poodles (Fig. 3b) . For example, genes related to taste and digestion that we identified in the ROH regions are also present in the d i regions, indicating that certain digestive adaptations may be breed specific. We also identified a pathway related to adrenal hormone biosynthesis that includes the genes CYP21A2, CYP19A1, and HSD17B3. Autoantibodies against CYP21A2 have been well documented in the pathogenesis of human Addison's disease (Brønstad et al. 2014) , and Standard Poodles are the most overrepresented dog breed for canine Addison's disease (Hanson et al. 2015) . Additionally, we noted a locus under selection in Standard Poodles on chromosome 16 containing many of the TCR b chain genes. The b chain comprises one of the hypervariable regions of the TCR that interacts with peptide-loaded MHC molecules, and polymorphisms in these genes have been associated with the development of autoimmune disease in humans (Ohashi 2002; Nicholson et al. 2005; Koehli et al. 2014) . Further study of these genes-which are relatively unexplored in dogs-could be helpful in explaining the pathogenesis of some autoimmune diseases common in Standard Poodles, including Addison's disease, sebaceous adenitis, and immune-mediated thrombocytopenia (Grindem et al. 1991; Tevell et al. 2008; Hanson et al. 2015) .
We also noted several overrepresented pathways containing genes whose specific functions are more difficult to discern. These pathways relate to protein ubiquitination, DNA methylation, and DNA binding. We might hypothesize that these genes help define some of the subtle secretory, transcriptional, and translational processes that differentiate dog breeds; however, without further study, any specific consequences of selection within these pathways is unknown. Interestingly, genes associated with ubiquitination have been associated with autoimmune diseases because of their role in tagging proteins for degradation by the proteasome (Bhoj and Chen 2009) . Hence, these genes could also be studied further to elucidate any role they may play in Standard Poodle autoimmune diseases.
In addition to identifying overrepresented gene pathways, we searched for particular genetic variants that may contribute to Poodle-specific traits (Supplemental Table 5 ). Some of the polymorphisms we flagged have reasonably well-defined functional roles. For example, we identified the missense variants in FGF5 and KRT71 that have been previously associated with canine coat phenotypes (Cadieu et al. 2009 ). Additionally, we identified a missense mutation in the gene ITGA2B which encodes for the platelet glycoprotein a IIb and is a recognized component of the human platelet antigen system (Metcalfe et al. 2003) . This polymorphism has been previously evaluated in a small number of dogs with immune-mediated thrombocytopenia (Callan et al. 2013 ), but may be especially relevant in Standard Poodles given the high within-breed prevalence of the disease (Grindem et al. 1991) . Lastly, we identified variants in two genes (CBX4 and TNXB) that are associated with skin morphology, and these could represent reasonable candidate genes for further study of sebaceous adenitis in the breed.
Similar to the pathway analysis, however, many of these individual variants are located in genes whose specific role is difficult to characterize at present. For example, we identified a highly conserved missense variant in the gene senataxin (SETX) which is associated with the development of amyotrophic lateral sclerosis in humans (Hirano et al. 2011 )-a disease not documented in dogs. However, as many genes have different functions across (and within) There are several limitations to this study. First, for some dog breeds used in the estimation of the d i statistic, we had as few as four dogs/breed (because of limited data availability), which may not provide a completely accurate representation of allele frequencies within those breeds; this may have slightly biased our d i calculation. Second, we only used two methods to identify regions of artificial selection. Other researchers have used measures such as S i , which is based upon relative heterozygosity (Vaysse et al. 2011 ), Tajima's D, or nucleotide diversity (p) (Schlamp et al. 2016) . Application of these techniques may have allowed us to identify other regions of artificial selection in Standard Poodles. Third, our pathway analysis was constrained by the current state of gene annotation, as we observed several genes (e.g., the TCR b chain genes) that were not automatically clustered into relevant pathways or ontologies. We attempted to mitigate improper gene classification by converting canine gene names to their human orthologs; however, this approach still resulted in some incomplete or poorly classified annotations. Finally, our analysis of specific polymorphisms within the d i and ROH regions was limited by our ability to understand the role of a particular variant. We focused solely on VEP high-or moderate-impact variants that are likely to cause changes in the protein-coding portion of the genome. However, it is likely that other highly conserved variants (which may be intronic, in UTRs, etc.) also play a role in the development of some breed-specific traits. Ongoing work aimed at improving canine genomic annotation may help shed light on the role of these particular polymorphisms.
In summary, our findings demonstrate that identification of regions under artificial selection in dogs using wholegenome sequencing data is both accurate and feasible, and that the identified regions can be used to interrogate specific polymorphisms that may be responsible for breedspecific traits. These methods may therefore serve as a useful adjunct to genome-wide association studies for traits that are relatively fixed within a breed. Given the current limitations of genomic annotation, however, the effects of many of the identified variants are difficult to immediately decipher. Nevertheless, our findings also suggest some key pathways that could be interrogated for their contribution to Standard Poodle-specific diseases, and further studies are warranted that evaluate the effects of the genes within these pathways.
